The linear dependence of the logarithm of the capacity factor (log k') on the composition of the aqueous binary mobile phase is examined systematically in reversed-phase liquid chromatography.
Introduction
It is well-known that the study of the quantitative struc ture-retention relationship (QSRR) is an important topic in chromatographic thermodynamics because it can be applied not only to predict chromatographic retention behavior and to measure physicochemical parameters, but also to lead to an un derstanding of the retention mechanism. Many experiments have proven that, for a given column, the retention behavior depends only on the molecular structure of the solute and the property of the mobile phase; the solute-mobile phase inter actions cannot be ignored and play a dominant role in the retention mechanism of reversed-phase liquid chromatography (RPLC) (1) (2) (3) (4) . Therefore, it is possible to enable the chromatographer to choose a suitable mobile phase composition for optimal separation.
In most investigations, the composition and polarity of the mobile phase have been used to estimate the retention data of the solute. A linear relationship for the logarithm of the capac ity factor, log k', as a function of the log of the total solubility parameter of the normal-phase binary mobile phase (log δ m,T ) was experimentally observed by Cooper et al.(5) , as shown: Eq 1 where S 0 is the intercept and S 1 is the slope. Although the linear correlation between slope and intercept was found for structurally similar compounds, a nonlinear relationship was often observed for other compounds. Kaibara et al. (3, 6) exam ined how the hydrophobic interaction between the solute and the stationary ligand can be evaluated from the dependence of the capacity factor on the concentration of methanol (C) in an aqueous binary mobile phase; it was found that the plot of log k' versus log (1/C) presented a straight line: Eq 2 where Q is the slope of the correlation line and q is a constant. The Q value is well-correlated to the hydrophobic properties of the solute, such as the 1-octanol-water partition coefficient (8) (9) (10) . More recent studies have added strong evi dence that log k w is closely related to Ρ and is a hydrophobic parameter and a linear func tion of log Ρ (9, 11, 12) . Because the hydro phobic constant (P) is one of the fundamental natures of a substance, affecting not only its physicochemical properties but also its bio logical activities, it has been widely accepted as an important parameter in QSRR and quantitative structure-activity relationship (QSAR) studies (3, 13, 14) . Therefore, it is nec essary to determine Ρ values with experi mental and RPLC methods. In the review reported by Braumann (12) , the linear corre lation between log Ρ and log k w that can be used to calculated log Ρ values is discussed in detail. In addition, a computer program has been developed for estimating both log Ρ and the aqueous solubility from the structural formulas of 497 compounds (15) .
Studies have justified that log k w and S of Equation 4 are functions of solute molec ular structure parameters (e.g., van der Waals volume [16] ) for homologous series. Additionally, more complex equations con taining four structure parameters can be used to predict log k w and S (17) (18) (19) (20) ; how ever, it is difficult to use them because of the inconvenience of obtaining these parame ters by experiment and reference. We em phasize that it is necessary and rather prac tical to establish a simple model indicating log k w and S that can be used for other com pounds besides homologous series.
The purpose of this paper was to explore the retention mechanism of substituted ben zene derivatives based on the correlation between log k' and φ and to find the depen dence of log k' on S in RPLC. In addition, we wished to systematically investigate the relationships between either log k w or S and tion of retention data from binary eluents to 100% water. The curvature of the log k' versus φ plot, as described by Equation the molecular structure characteristics of solutes. We also wished to establish corresponding quantitative models between them and to estimate log Ρ values of compounds by using molecular structure parameters from these models. We also ap plied the linear summation of free energy change to set up a general retention equation and used it to investigate chro matographic selectivity in detail. Table I .
Experimental

Chemicals
Analytical-grade solutes and methanol were purchased from Tianjin Chemical Regent Factory (Tianjin, P.R. China). The methanol and water were distilled before being used. Methanol-water mixtures consisting of different volume frac tions of methanol were used as eluents at 25°C. consisting of mono-and multi-substituted benzene derivatives (see Table I ), we com pleted the regression analysis based on both equations, and the overall average results are given below: Table II. The results in Table II show that each regression line corresponds to a correlation coefficient greater than 0.998 (except 4-nitrophenol, for which r = 0.9925), and a standard deviation less than or equal to 0.044. In addition, we studied other substi tuted benzene compounds (24,25) on var ious columns and in five mobile phases, and the linear correlation between the retention behavior and composition of the mobile phase was satisfied. The regression results are listed in Table III : r was greater than or equal to 0.9161, and SD was less than or equal to 0.184. Therefore, the linear corre lation between the retention behavior and the composition of the mobile phase in the region of the intermediate volume fraction was justified by the results of the compar ison discussed above.
Determination
Eq
Correlation between slope and intercept
Based on the net hydrogen bonding prop erties of compounds, Minick and coworkers (11) classified solutes into two types, donors and acceptors, and found approximately par allel lines corresponding to log k w versus S. In a report by Tan and Carr (26), the S-log k w linear correlation is discussed, and it is pointed out that the linear correlation is universal and is restricted to a homologous series. To illustrate the relationship between slope and intercept, a graph of the log k w * Calculated from Equation 6 . † Taken from reference 3. where R and Τ are gas constants and absolute temperature, respectively, and φ is the phase ratio and a constant in a given condition. Chemically bonded stationary phases are the most widely used column packing materials in RPLC, especially silica (ODS) gel. Because of steric restrictions, it is impossible to couple alkyl chains with all hydroxyl groups on the silica gel surface, depending on the bonding procedure, so a variable number of residual silanol groups remain accessible to "silanophilic" interactions with solute molecules. Because the silanol groups are strongly hydrated and the alkyl chains display violent hydrophobicity, a mixed retention mechanism exists in RPLC (27) . Therefore, the solute retention is dominated by both hydrophobic and silanophilic (or hydrophilic) interactions. On the basis of chromatographic thermodynamic theory, we deter mined that the free energy change, G, is made up of a linear combination of contributions of the polar (or hydrophilic) part, the nonpolar (or hydrophobic) part, and their cooperative inter action in a molecule, which can be described by the following:
where G P and G np are the contributions of hydrophilicity and hydrophobicity of a solute, respectively, to the free energy change. G P × G np is the product of G P and G np , which in dicates the ability of their cooperative interaction to participate in the retention mechanism. According to the definition of total solubility parameters, δ τ is one of the basic parameters that represent the magnitude of polarity and the ability of a substance to participate in disper sive, dipole orientation as well as inductive and hydrogenbonding interactions. Because the total solubility parameter is regarded as the quantitative standard of compound polarity, which had been widely used in various fields detailed in our pre vious work (23) On the other hand, the hydrophobicity of a compound is defined as its relative tendency to be readily soluble in most nonpolar solvents but only sparingly soluble in water. Solute hydrophobicity is usually expressed as the partition coefficient (P) derived from distribution studies of the com pound between water and immiscible nonpolar solvents. It is now generally accepted that Ρ values obtained from n-octanol-water partition systems are particularly suitable for characterizing biological activities and physicochemical phenomena of compounds. The logarithm of the partition coefficient in n-octanol-water, log P, had been regarded as the quantitative standard of hydropho bicity of a solute. From the thermodynamic equilibrium principle, the partition coeffi cient of solute i can be described as:
Eq 12
The correlation between free energy change in the solute retention process and 110 * Calculated from Equation 6 .
† Taken from reference 3.
Eq 13 Substituting Equations 11 and 12 into Equation 9 yields the following:
Eq 11
where G i 0 is the standard free energy of solute i, a constant to a substance in a given condition. Because log Ρ is suitable for quan titatively describing the ability of a solute to participate in hydrophobic interactions, we can assume that G np can be expressed a nonlinear function of log P: where b i (i = 0,1,2,3) is a constant depending on the employed conditions. It is clear that Equation 14 corresponds to a non linear correlation between log and the molecular nature of the solute, instead of a linear dependence of log k w on log P, as described in various investigations. This conclusion has also been proven by the plots of log k w versus log Ρ and δ τ , as shown in Figure 2 (data from Tables I and II, respectively).
To determine Equation 14 , multi-regression analysis was performed in this paper; the b i values and regression results are listed in Table IV . The correlation coefficient is 0.9953, and the standard deviation is 0.092. Additionally, we used the equation to estimate the log k w values with the total solubility parame ters and hydrophobic constants of 18 substituted benzene derivatives to verify Equation 14 . The predicted log k w values given in Table V correspond with the experimental data listed in Table II .
In order to further harmonize the nonlinear correlation between log k w and molecular structure parameters, we per formed the multi-regression analysis for other substituted ben zene compounds (see Table III ). The b i coefficients and the regression results are also listed in Table IV ; r ≥ 0.877, and SD ≤ 0.258. This verified that Equation 14 could be employed to estimate the log k w values of mono-and multi-substituted ben zenes in a large volume fraction range and that the correlation between log k w and the molecular structure parameters of sub stituted benzene derivatives exists as depicted in Equation 14 .
The nonlinear correlation can also be validated by the plots of log k w versus δ τ and log Ρ shown in Figure 3 . From these where c i (i = 0,1,2,3) is a constant depending on the employed conditions. Equation 15 indicates a nonlinear relationship between S and either log Ρ or δ τ , which can be observed in Figure 2 . The nonlinear regression results are included in Table  IV ; r = 0.9922, and SD = 0.049. In addition, the predicted S values from Equation 15 and the log Ρ and δ τ values of 18 tested compounds listed in Table V agree closely with the  experimental values in Table II . All of the relative deviations are less than 4.5%. The results showed that S is related not only to hydrophobic but to hydrophilic characteristics of solutes.
In addition, the c i coefficients of Equation 15 that corre spond to the five data groups in Table III were obtained through multi-regression analysis. The regression results are also listed in Table IV ; r ≥ 0.8106, and SD ≤ 0.252. Therefore, we can apply Equation 15 to evaluate S. The nonlinear correlation between S and molecular structures is also verified in the plots of S versus δ τ and log P, shown in Figure 3 . From this figure, it can be concluded that S is increasing as hydrophilicity increases and hydrophobicity decreases; it is the opposite of log k w . factor
We found it to be meaningful and necessary to establish a general retention model that included the influences of prop erties of the solutes and the mobile phase and that could be used to predict the retention values and selectivity of the chro matographic system. On the basis of Equations 4,14, and 15, we proposed that log k' could be expressed as: Figure 2 . Relationship between log kw and S corresponding to Equation 7 and relationship between either log kw or S and either log Ρ or δT correspond ing to Equations 14 and 15 in methanol-water. 1 = log kw versus S; 2 = log kw versus log P; 3 = log kw versus δT; 4 = S versus log P; 5 = S versus δT.
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, the rela tionship between log K w and the molecular structure parame ters is described in the following:
Eq 16
Eq 15 figures, we can see that log K w has a general tendency to in crease with decreasing hydrophilicity and increasing hydrophobicity. This agrees with the experiments.
Relationship between S and molecular structure parameters
The slope, 5, is a characteristic constant of the solvent strength. Its magnitude reflects the influence of the aqueous mobile phase on log k' and appears to reflect both hydrophobic and hydrogen bonding properties simultaneously (10) . How ever, we found that S is variable and tends to decrease with increasing solute retention; also, S values generally tend to decrease as the molecular size and hydrophobicity of the solute increase. Because the value of S is negative, S exerts an oppo site influence on the retention mechanism. Specifically, the retention time of the solute decreases as the concentration of organic modifier in the binary mobile phase increases. All of the conclusions were justified in the data in Tables I and II. As discussed above, log k w is a solute-related constant. The S value must depend on the solute properties from Equation 7 . Therefore, S is also a function of the solute structure parame ters based on Equation 14 , which is given in the following equation:
Establishment of retention model and prediction of capacity factor
We found it to be meaningful and necessary to establish a general retention model that included the influences of prop erties of the solutes and the mobile phase and that could be used to predict the retention values and selectivity of the chro matographic system. On the basis of Equations 4, 14, and 15, we proposed that log k' could be expressed as: Figure 3 . Relationship between log k and S corresponding to Equation 7 and relationship between either log kw or Sand either log P or δT corresponding to Equa tions 14 and 15, respectively. 1 = log kw versus S; 2 = log kw versus log P; 3 = log kw versus δT; 4 = S versus log P; 5 = S versus δT. 
of the solute and the mobile phase (eluent: methanolwater, Zorbax ODS column). To verify its predictive ability, we used Equation 16 to estimate the capacity factors with δ T and log Ρ and the volume fraction of methanol in five different composition binary phases and to calculate the deviations of these solutes, which are given in Table VI. As Table VI indicates, the absolute deviations of all solutes rarely exceed 0.04 (only 4-nitrophenol is 0.06 in a 57.1% methanol system). The pre dicted values are consistent with the experimental values of log k' for all solutes.
Equation 16 is a three-parameter model, which may satisfy the practical requirement of predicting the capacity factors of solutes in given conditions. If the δ T and log Ρ values of solutes are given, the log k' values can be estimated by using Equation  16 with the φ data (e.g., 2-bromotoluene, 1,4-dimethylbenzene, and 1,2-dimethylbenzene in 57.1% methanol mobile phase).
Evaluation of log Ρ with log k w , S, and δ T Log Ρ values are usually determined by the shake-flask method. However, because this method is elaborate and trou blesome, for highly lipophilic compounds in particular, RPLC has been proposed as a convenient and precise alternative (9) . From systematic analysis and comparison, it is evident that there is no single relationship between the log k' and log Ρ values of solutes. Therefore, it is difficult to predict log Ρ values using the log k' values of solutes, which can be affected by the retention mechanism. The best method for predicting log Ρ is to use either log k w or S (11, 12) . Because the slope parameter exhibits hydrophobic and hydrophilic properties, S may be useful as an alternative to quantitatively estimate the hydrophobicity of a solute.
To explore the possibility of estimating log P, Equations 14 and 15 were even applied to calculate the log Ρ values of the tested compounds with their log k w S, and δ T values sepa rately. The predicted log Ρ values are given in Table V . From the comparison of the two methods, it was found that either of the two equations could be used to successfully estimate the log Ρ values of compounds, but Equation 14 was more accurate than Equation 15 because of their mean absolute deviations (AD = 0.076 in Equation 14 , and AD = 0.084 in Equation 15 ). The reason may be that the S value is affected by more factors than log k w (e.g., the natures of eluents); S is the coefficient of φ in Equation 4 . In any case, using RPLC to estimate the par tition coefficient in n-octanol-water has many advantages. The RPLC experiment is faster and more readily automated than the shake-flask method and is not dependent on the purity of the sample.
Selectivity of the RPLC system
The quantitative standard of whether two solutes can be separated by a chromato graphic system is regarded as a separation factor. The ratio of two capacity factors, a, is defined as the following: Eq 17 where log k w,1 and S 1 are the intercept and the slope values of the first solute, and log k w,2 and S 2 are the intercept and slope values of the second solute, respectively. Equation 18 indicates that the selectivity, a, is related to the properties of the solutes and mobile phase. For a given column and com position of eluents, φ is a constant, and Equation 18 can be expressed as:
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* O: data in Table II ; A,B,C,D,E: data in Table III . Equation 22 indicates that selectivity is dominated only by the characteristics of the mobile phase; the composition of elu ents can be adjusted to improve the separation efficiency. Gen erally, Equation 18 provides a fundamental correlation between α and properties of solutes and mobile phases that can be used to predict the separation effect and optimize the mobile phase system in RPLC.
Conclusion
The relationships between log k' and either molecular struc ture parameters of solutes or natures of eluents have been dis cussed in this paper. Based on systematic analysis of the reten tion of solute varying with the total solubility parameter and the composition of the mobile phase, we justified the linear corre lation between log k' and the volume fraction of methanol in binary mobile phase from the experiments.
To discuss the characteristics and physical meaning of slope and intercept (S and log k w , which were obtained from the plot of log k versus φ), a linear relationship between log k w and S was derived from regression analysis. On the basis of chro matographic thermodynamic theory and the assumption of the linear sum of free energy, we found that log k w and S depend on the properties of solutes, which relate not only to hydrophobicities but to hydrophilicities of solutes, and the nonlinear relationships between them can be expressed by the total solu bility parameter δ T and the n-octanol-water partition coefficient log Ρ as described in Equations 14 and 15. From these two equations, the mixed retention mechanism was proven. The retention process of solutes was controlled by the hydropho bicity and hydrophilicity as well as their cooperative interac tions. Experimental results showed that log k w and S are related to the structure parameters of solutes, though they play dif ferent roles in the solute retention process. Through the multiregression analysis of a great deal of data, we achieved further confirmation of the above conclusions.
We also established a general retention equation, Equation 16 , which depicts the quantitative relationship between log k and either the molecular structure parameters or the nature of the mobile phase, and we used the equation to successfully predict the log k values of substituted benzene derivatives on a Zorbax ODS column.
In addition, the comparison of the experimental and estimated log Ρ values of tested compounds proved that methods of calcu lating log P w with log k w S, and δ T by using Equations 14 and 15 are not only possible but more convenient than the shake-flask method. This exploration gives us a new way to calculate log Ρ values by using molecular parameters of compounds. Finally, the general relationship between the relative retention (a) and the affecting factors was derived from the concept of chromato graphic selectivity, which was detailed in some situations. 
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Eq 22
and S depend on the natures of the two solutes. Therefore, the differences in their hydrophobicities and hydrophilicities will determine the separation efficiency. The bigger the differences, the easier the two compounds are separated. 
